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SUMMARY 


The object of this investigation was to study the variation 
in oooling effectiveness with variation in number and location of 
film cooling air orifices in & metal surface exposed to high tem- 


perature and high velocity gases. 


Tests were made on one flat surface of a test blade con- 
sisting of two flat parallel surfaces connected by circular arcs 
at the leading and trailing edges. The blade was mounted parallel 
to the hot gas flow. Ten cooling orifice configurations were 


tested employing various cooling air and hot gas rates of flow. 


The following observations were made: 


Increasing the number of cooling holes increased the cool- 


ing of the test blade for a given cooling air flow. 


A uniform temperature reduction over the test blade re- 
quired cooling air orifices over the entire blade. This results 
from the rapid downstream dissipation of the effectiveness of the 


cooling air film. 


There was no appreciable difference in the cooling air ef- 


fectiveness for gas Mach Numbers of 0.775 and 1.0. 


INTRODUCTION 


A profitable way to realize increased efficiencies and 
outputs for gas turbines is to increase the working temperature 
of the hot inlet pases. This means that, with existing turbine 


blade materials, some method of blade cooling must be employed. 


Commander D. O. Ness, in a Thesis "Boundary layer Control 
as a Method of Gas Turbine Blade Cooling" (Ref. 1), experimentally 
investigated the feasibility of cooling gas turbine blades by the 
introduction of & controlled boundary layer of cool air over the 


blade surface. 


Ihe test blade of Ref. 1 was a solid Jumo 004 turbine 
blade with cooling air supplied to a row of six holes on the upper 
blade ETRS a row of six holes on the lowor blade surface 
from a spanwise drilled passage at 30 per oent of the blade chord. 
These 12 cooling air holes were 1/16 inoh in diameter and spaced 


7/16 inches apart. 


A maximun leading edge temperature reduction of 280° F and 
a trailing edge temperature reduction of 1409 F was obtained at a 
gas Mach No. of 0.77 and 1600? F. The cooling airflow was 2 per 


cent of the burner airflow, based on a full scale J-33 jet engine. 


This investigation is an attempt to supply the following 


additional information: 





Je 


The effect of varying the number and location of cooling 


air holes for a given air flow and gas flow. 


The effectiveness of the boundary layer in cooling the 


area downstream of the last row of cooling air holes. 


The effect of an increase in cooling air flow on the test 


blade chordwise temperature gradient aft of the cooling air holes. 


Whether the temperature reduction is primarily caused by 
the oonductive cooling process of cool air flowing inside the blade 
or whether the cool boundary layer film on the external blade sur- 
face contributes appreciably to blade tenperature reduotion. 


The effect of varying the gas Mach No. for a given config- 


uration of cooling air holes. 


The writer is indebted to the following for their assist- 


ance in this investigation: 


Professors N. A. Hall, T. E. Murphy, and K. E. Neumeier of 
the Mechanical Engineering Department, for their assistance, advice, 


and suggestions. 


Messrs. W. N. Blatt, M. Schonberg, and L. Clausen for their 


assistance in construction of the test equipment. 


LCDR E. T. IaRoe, U.S.h., for his assistance in conduction 


of test runs. 





TEST EQUIPMENT 


Test Blade 


It was decided to depart from the standard method of 
testing a three blade static cascade of actual turbine blades and 
test a larger single simplified blade which would facilitate the 


installation of internal cooling air passages and thermocouples. 


The blade was made of mild steel to eliminate drilling 


and welding problems. 


Thin sheet metal was employed to minimize the difficulty 
of drilling many small holes and to allow rapid temperature sta- 


bilization while testing. 


The blade was made flat sided and with zero camber to in- 
sure constant gas static pressure over the blade chord. This was 
necessary to keep the amount of air flowing from each orifice ap- 


proximately constant. 


One surface of the blade was cooled because of internal 


space restrictions in the blade. 


The above simplification restricts the test results to 
non-quantitative oomparisons with actual turbine blades. An at- 
tempt was mace to adhere as closely as possible to actual turbine 


blade conditions by making the cooled surface of the test blade 
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approximately equal in area to the curved area of both sides of an 


actual J-33 turbine blade. 


Figures 2, 16, and 17 show the test blade which was mounted 
parallel to the direction of flow in the hot gas duct as illustra- 


ted ín Figures 14 and 15. 


Gas welding was employed in fabrication. The sheet metal 
was mild steel of relatively high thermal conductivity and 0.0689 
in. thick. The tubes were standard 1/8 inch mild steel pipe 


(0.068 in. wall thiokness, 0.405 in. 0.D., and 0.269 in. I.D.). 


Six themocouples were attached to the upper blade surface 
in a chordwise direction lè ins. from the blade tip by machine 
screws through six access holes in the lower surface. The access 
holes were then closed with flush screw plugs. (See Figures 2 and 


17) 


For configuration (A) 5 rows of cooling air holes 9/16 in. 


apart were used. There were 17 holes in each row, + in. apart. 


For configurations (B), (C), and (D), 165 holes were em- 
ployed; 5 rows, 9/16" apart as in confíguration (A2, but with 33 
holes per row. The spanwise hole spacing was 1/8 in. Seo Figures 


2, 16, and 17. 


All oooling air holes were .040 inches in diameter (No. 60 
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Drill) and were drilled at right angles to the blade surface. 


The 1/8 in. standpipe on the upper surface at the blade 
root and the 1/8 in. pipe extension at the blade tip were not used 
in the test runs. They were originally attaohed to determine the 
spanwise variation in cooling air pressure and temperature in the 


central cooling air passage. 


Hot Gas System (See Figures 3 and 14) 


Burner air was metered PS D a seven inch rounded ori- 
fice. The air was then ducted to the inlet side of an Allison 
V-1710 aircraft engine supercharger which was employed as a source 
of compressed air for the J-33 combustion chamber. The super- - 


charger was the only load on the unsuperoharged Allison engine. 


After leaving the supercharger, the air was led to a J-33 
combustion chamber where the air and fuel oil were burned to sup- 


ply hot gas to the duct in which the test blade was mounted. 


A bypass valve, in conjunction with an electrically 


driven fuel oil pump, was used to control gas temperatures. 


£4 


The burner airflow was regulated with the throttle on the 


Allison engine. 


Cooling Air System 


Air was supplied by the laboratory oentral compressed air 
supply. The flow was measured by an air rotameter and regulated 
by a needle valve in the line (see Figures 3 and 13). The pres- 
sure and temperature were measured at the rotameter- to correct the 
observed air flow to standard conditions. The oapacity of the 
Fischer and Porter air rotametor was 8.5 C.F.M. at zero pounds per 


square inch gage and 100? F. 


Total test seotion temperature was approximated with a 
radiation 00 -,--,. poa ier thermocouple suitably ventillated 
to provide a low velocity gas flow over the thermocouple bead. 
Figure 15 shows attachment of test section temperature, statio 


pressure, and total pressure lines. 


TEST PROCEDURE 


The fuel oil pressure and the Allison engine R.P.M. were 


varied to control test section temperature and gas flow. 


Cooling air flows were regulated by adjusting air rota- 
meter readings with the needle valve to conform with values dic- 
tated by temperature and pressure conditions as indicated in 


Figures 4 and 5. 


Test runs were made with the configurations shown in 


Figure G 


TEST RESULTS 


The results of this investigation are presented in Tables 


I, II, and III and the curves of Pigures 6 through 12. 


Figures 6 and 7 show gas and blade temperatures plotted 


against blade chord position at the 2/3 span from root position. 


Figures 8 and 9 are plots of the above temperatures sub- 
tracted from the uncooled blade temperature at corresponding loca- 
tions. These curves are labeled "Blade Temperature Reductions". 
Each group of curves represents a given cooling and gas flow con- 


figuration. 


Figures 10, 11, and 12 are replots of the data of Figuros 
8 and 9 with each group of curves representing a given number of 
rows of cooling air holes rather than a given cooling air and gas 


flow configuration as in Figures 8 and 9. 


CONCLUSIONS 


Within the test limits of this investigation, it was found 
that film cooling was effective only near cooling air exit orifices. 
This is indicated by the sharp increase in blade temperature after 


the last row of cooling air holes. 


Doubling the number of cooling air exit holes inoreased 
the internal cooling passage area by approximately 11 per cent. 
This increase in internal area did not seem to be large enough to 
account for the lowered blade temperatures of configuration (B). 
Therefore, the major portion in the increase in temperature reduc- 
tion resulting from doubling the number of cooling air holes must 
be due to the flow of cooling air over the external blade surface 


in the vicinity of the cooling air holes. 


Increasing the coolant flow or the number of cooling air 
holes per row did not improve the test blade temperature gradient 
as indicated by the slopes of the oooling curves downstream of the 


last row of operating cooling air orifices. 


To uniformly cool the surface it was necessary to distrib- 


ute cooling air holes over the entire surface. 


Inoreasing the gas Nach No. from 0.775 to 1.0 did not seem 
to have any measurable effect on test blade cooling within the 


limits of accuracy of the investigation. 


ے "۹۹ت 


Increasing the cooling air flow increased the blade temper- 
&ture reduotion. The rate of increase in blade temperature reduc- 
tion with increasing cooling air flows for a typioal turbine blade 


is indicated in Figure 16 of Reference 1. 


The results of this investigation suggest that this method 
of turbine blade cooling is not as beneficial as expected; since 
turbine blades, to be efficient, must be very thin from mid-chord 
aft. The abrupt rise in tenperature following the last row of 
cooling holes indicated that the trailing edge would receive small 


benefit from cooling air ejected from a point foreward of mid-chord. 
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C.A. 


C.A. 


Wc.A. 


B.A. 


NOMENCLATURE 


Cooling airflow 

Cooling air press. at rotameter 
Cooling air press. at test blade 
Test section static press. 

Test section total press. 


Press. drop across burner air 
metering orifice 


Test section temperature 

Temp. of burner air at orifice 

Temp. of cooling air at rotameter 

Test blade temperatures (see Fig. 2) 
Burner fuel flow 

Mach No. at test seotion (no blooking) 


Mach No. at test blade (inoluding 
blocking effect of blade) 


Cooling air flow 


Burner alr flow 


C.F.M. 

INS. HG. ABS. 
INS. HG. GAGE 
INS. HG. ABS. 
INS. HG. ABS. 


INS. HgO 


op 
°F 
op 
ii 


LBS ./HR. 


LBS ./MIN. 


LB./HR. 





- 15 - 


SAMPLE COMPUTATIONS‏ ظ 


Burner Air Flow 


W = Y 560 P Š 
7و‎ 29.92"Hg | -— x عفد‎ 
1009 p Toa, 29.92 


The Y for 29.92 ins. Hg and 100% F published 
in Aerofin charts for 7 in. orifice. 


E 560 29.16] Š 
Fa. OMM E Py = 


= 10,220 LB/HR. 


Mach Numbers 
Obtained from Gas Tables knowing 
Pressure ratios and Area ratios 
Area of duct at working section = 15.75 in.” 
Area of duct at working section less area of blade 


= 14.06 in.“ 


Cooling Air Flows 


Read directly from Figures 4 and 5. 





= 18 u 


ACCURACY OF RESULTS 


Gas Temperature 


(Approximates Total Temp. ) 
Blade Temperatures 


Cooling Air Flow 


Assuming Errors 
+05 C.F.M. Rotameter reading 
1.0 in. HG. in Pc a. 
59 in Tc.a. 


Burnor Air Flow 


Assuming Errors 
0.1 in. H20 in 
59 in Tra. 


Exact orifice pressure 


PRA. 


Fuel Flow 


15000 F I 109 


t 10? 


+ 2% 


t 1.44 


£ 0.52 


Assuming error of 1 LB/HR in rotameter reading 


Maoh Number at M * 1.0 


Choked 


Mach Number at M = 0.775 

Assuming Errors 
0.5 ine HG. in Pep 
1.5 ine H20 in Ps 
Y assumed to be 1.5 


None 


13% 
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The test runs were not duplicated except in instances where 
there appeared to be inconsistencies in the results. For example 
the chordwise drop in temperature in configuration (A) with no 
cooling air and the apparently improved cooling at a higher Mach 
No. 1n comparing the results of configurations (C) and (D) with all 
cooling air holes in operation. Consistent results elsewhere and 
the expense of operating the Allison engine and J-33 combustion 
chamber were the primary reasons for the limited duplioation of 


test runs. 


It was originally planned to measure the cooling airflow 
by means of a 3/8 inch sharp edged orifice, but it was later de- 
cided that the low cooling air flow settings could be made more 
rapidly and accurately with an air rotameter. The rate of flow 
of the rotameter was checked against the rate of flow of tho 
orifice with the following results: 

Orifice 0.231 LB/MIN. 


Rotameter 0.224 LB/MIN. 


This represents approximately a three per cent discre- 


pancy. 





TABLES, GRAPHS, AND ILLUSTRATIONS 



















TABLE | 


AvERAGE Test Data 
AND RESULTS 


CONFIGLA) (Conen (B) 










Barometee Ins. Ho. 


We. A. LB. /Min. 


We  Le/H2. 


EINE 
O Dres us 


* Baseco on J- 33 Jer Enon SIDE OR TEST SUAVE EQUAL IN ARFA 
To ہک‎ A. DE E 3-33 TURBINE GL ACC. 








| u h 


‘IV‏ .ف 


















































C 
[DATA SHEET 
Low Air Flow TAsıe IL 
NOTE. e p. , , ^ND RF ARE GAGE PRESSURES x 
ل جج‎ EN — | ie 
Can BN MN | " 
COOLING (| COLIN | CCCoLINC 6 IRESHUIRE Ar BLADE | ist Section lest JECTION BURNER AIR 
| i - 
REMARKS Aue Flow Air PRE» pu ar 2 Fo mE 'ratc Press, Torat Press Pkess DiFF 
| CGF.M. ! In Ho. Eoo x HO  InHe. IN.H,O 
Qed! ےم‎ x Pa) (Pr) am 
تہ ا‎ PI (P) (Pea) 
7/25/50 Confie A) LALCM: 22.40 je 5o? BS CdstinGe A! Cock. ATK — Fa = ت‎ | 
E. ` ۱ 1 3 
NS E و‎ "T 3.77 bo = oom ن ٭ .مہ‎ Buses s | m 1 | | =, c | O | 3.5 
c ا‎ | 3.47 (Lo x m. =: => AI OP) SN | ۱ "M 7 [ L6. 0 cM 
.“ ےد‎ | ON _.۱ 14.1 | +۱ Ae rl | | vv zn my --1 P |S = — 
mee s 01 I +s.4 +. | | 1 8.5 (ec | 5.3 
ti ۱ Í | ST i 35 | Sit Ve F.. | _ f. (r 1 n 
NO COOLING AIR | | | | | a | 11.5 | >. کو‎ A 
| Í f | | | | | 
7/28/3€ Confie (Ð ALL»: FER 29, UG V. So“ Fr - {G5 p ws MRIROLES Te r^c = Ze -B/min CooL Ty A \ R- RE 2100 
C.A. PASSAGE 5 1-65 no ES ea x O Î O rou O | SO E ت“‎ | iO. O | | Sn 
E i t I . e 
mns." E m". PS V. [+ of Four +0. oO, NOS | | کر ع۔‎ ۴ (6.0 1 NEM v 
i. I— 3 l- el (4.7 | tte . AN o ۔ - گے ےم‎ E ~O I سے‎ o | NT 
٦ Y \- 2 m 3.6 , (714 | - RE m | | | SHË (Oct تچ‎ CSA 
0 Í i 3.202 I 28.5 til. O | | | | x E - x £ | | ne 
No Cooling AIR | ٠ ’ i 5 | ' m | | QUELLO WO | | in 
| | | 
| | | | | | | | = 
2 | | | -—— — — — —— 
۱ | ۱ 
i EF E 
DORNER AIR [Conana He [ LADE. IMPERAT ن أ‎ | DORNER 
| ۱ { rs X — 
| MP. | (emp | 
| pr | ve LP x E | f 7 JË | la Ic in [FOEL C Low 
É | C E x LG ۲۹۲ 
ES d زی کا اليا‎ | (We) 
W 7725,50 | | Në x 
| ra ES uo g5 | 2 SO L 2 LES | IL 30 218 
tu 4 € 5 {210 | 80 it Bo | 1255 y 
u = w E5 ۱ y | 210 1235 | حوع جرد‎ 2.14 
u iz 6 6 Itt ^ 2 Nj , 1230 | 4260 215 
7 | g (ANO „Bo mës (ZC O 214 
تحت‎ SRC CAD ۔‎ De 15399 2. 330 à 1310 _ i 18065 4 21% 
7/18/50 i | | | ` a — 
.لماع‎ PASSAGE > 1-5 p5 ¿OO BO I 00 | pë 2 03 212 
1 1-4 ےہ‎ 1150 > -— uoo > (285 ZEE 
^ EE DS ba SË ee E “310 206 
7 EE. ° ER: uc Ri Soo 1330 Zit 
nn. 25 275ا‎ IC | 15850) a i 
bue uo du 95 (4.0 300 | 400 | 1400 | 214 


> دمن س س س س ج لم ل لے 





i 

| 

| 
E... 

| 

۱ 

| 

| 











- 2|- 


[DATA SHEET 
Hich Air FLow 









NOTE | E. Ps, 
Burner Air 
REMARKS Peess Dire 


In. H, O 






















O T 165 COOLING (NIRMOLES Tolrat ~ 0.533 L_B/Mu: COOLIM G AIR. 
EE A | E 2 اکسا‎ -70:2 | -9.o0 | 100 
u = + 2.2 | I2 _* E A x i -9,0 Te > ا‎ x 
saa | +39 | var 


| و 
NO COOLING AIR 0‏ 





E ۱ i u SP / ب,‎ ٤ ٤ ۶۲ 
7/5/50 | 29.9 "Ha|Q 8e -es cocti ean noes ۲۵٢۸-3 A Sa 
CA. PASSAGES 5 Ew Tel nes in |a |a 
RePEAT di > || ک جا‎ cG l.20 | ( 45 | 6350 | 5 | -8.5 
C.A. PASSAGES 1-4 Xu. LA 2:55 ا‎ O | =e 
aa X o ` n P. O, رپ شا‎ pe Y 
Fo A 3.9 
22 X 
ا ےہا‎ 9 


NO COOLING AIR 


TEST SECTION 
Teme | 
ec 


o CoociMó o Ale 


Cour. Co) 


C.A.PASSACES 195 | (SOO tro 





REPEAT 1-5 u 5 
می‎ ٣مدحمےعےک‎ 4) +a ۱ 
T 3 i T 
tt TEM zd E EIA 0 
1 ۱ u E. 


JI No Cool IN AIR " 


— — 





...۱ے — سس جس 


JË E më 


nne اه‎ — e -e a ËR Á rm o سے‎ 


Ows 


E EUN. 
< i JI É. > 


3 ROWS 


Ly wi — P Mě — — 


< ¿ÍA > 


- ROWS 


MS.‏ اھ تھے 


NND C YOUWING AIR 





EACH SF THE ABOVE CINFIOIRKATIONS 
WEKE TESTEL UNDER THE FOLLOWING CONDITIONS. 


COOUING AiR. FLOVWw NA, COOLING MK HOLE > GAS MALT «vS 


(AY .540 L8, "^it, PS ium CA) 
CEN .5LO LB/ MIN. i 05 1.0 cg ! 
I .533 ıB/Mın. 105 We CL) 


TEST CONFIGURATIONS 


Fic. 


t 
| 
C! 553 tB/MIN, Le5 ‚175 (DI 











— هج — 





Upper BLADE Surface 


THERMOCOUPLE 





Lovea PLApeE SURFACE 





”AccEss More Pı us 


METHOD OF ATTACHING THERMOoCOUPLE To PLaoe 


Ve 
EBUL SCALE 1 pou s í 


IN 


| TNEZMOCOUPLE ALLESS HOLES 
| (PLUG5 REMOVED) 


e 





BLADE. (CROSS DECTION AT THEE MOCOUPLE 
ATTACHMENT Perro 
165 Hore CONFIGURATION 
THERMOCOURPLE. AND | 4 INCH oF BLADE TIP REmoveD 
Hotes EXTEND To 4 INCH FROM Brave Tie 


ERS a 











CONTROL ROOM 


TEMPERATURE SELLE TOR DWwITCH 


BROWN JEMPERATLE Recoepee Ir 


LGILIN GQ عجرت‎ _ JPPLY 







Z INCH AEROFIN Aug METERING Orifice 


— ——— — — 


THERMOLOPLE LEAD. 


PIAN IOA LER LINES) 





SURNE Ale LPPLN p 


J-55 COMBUSTION CAAM “ER. PA | 









| 
| 





Fuel. OlL LINE 









0 
Roramertrer 
^N 1 

vm 


MANOMETERD 
S 





N. 


Ro u EVER 
SUR 





Fic E 














l | 





r^ i 
AND ٠٥١٥١ EF 


| 
| 
| 


29.92 INS! HG. 


CRo 


a 


to 


ھتہ 


| i EN i LE 
و‎ ar 
ENT نٹ ٦ص نه و عه ممه‎ vr 
| in el = دل ليك‎ A 
| | 






















. 1 | NO TOOLING AVE. 
Re el 5 Roi 5. Clooninio 


EFT n 4 Rows = 
| ZRS Pe 
[j—— | 
E 2 ET fe a me 





















— 


NUN A | 
ocations | wm WE. 


LL TRA 16لاف‎ zn 5 


E T | he 
| 


A Ee a 
0 


ade 

















\ 


j——t— 
n a rim 


ts Do DE 


BE 
kh ae vaag 
| 
| 











. p lẹ- 5 ' t 
. 4 
+ . . 
‘ t. 4 + D 
۰ . + 
. ۰ . 
. . 
. 


1 


4 ~. 4 
dA es. 
* > 
— 

r 


1 


1 
m 


E 


— 
* 
. 


' . 
AIA 
t 
۰ ` 








ڑھے۔ ہے 
۰ ۰ 


I 


um 
ع‎ | LOCATION 


s 
med 


ac 


T 


f 


gi 


> 

j 

S 

j 4-3 


mm nn 33 dickes: 


_ ' - 


LLL LE 


i ES. 
85 hotes 
tësiHoces 


—— 

















LEGEND FOR EQUIPMENT LABELED IN PHOTOGRAPHS 


Test Blade 

Duot 3% ins. High and 4% ins. Wide at Test Section 
Cooling Air Manifold 

Test Blade Cooling Air Selector Switches 

Tees for Measuring Blade Cooling Air Pressure 
Total Pressure and Total Temperature Fittings 
Statio Pressure Fitting 

J-33 Combustion Chamber 

Cooling Air Rotameter and Control Needle Valve 


Brown Temperature Recorder 
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Figure 17 Bottom View of Test Blade 




















Thesis 13190 
M584  Mildahn 
Air film cooling of a 
metal surface exposed 


to high temperature and 
high velocity gases, 





